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Methyl-CpGbinding protein 1 (MBD1) regulates gene
expression via a DNA methylation-mediated epige-
netic mechanism. We have previously demonstrated
that MBD1 deficiency impairs adult neural stem/
progenitor cell (aNSC) differentiation and neurogene-
sis, but the underlyingmechanismwas unclear. Here,
we show that MBD1 regulates the expression of
several microRNAs in aNSCs and, specifically, that
miR-184 is directly repressed by MBD1. High levels
of miR-184 promoted proliferation but inhibited dif-
ferentiation of aNSCs, whereas inhibition of miR-184
rescued the phenotypes associated with MBD1 defi-
ciency. We further found that miR-184 regulates the
expression of Numblike (Numbl), a known regulator
of brain development, by binding to the 30-UTR of
Numbl mRNA and affecting its translation. Expres-
sion of exogenous Numbl could rescue the aNSC
defects that result from either miR-184 overexpres-
sion or MBD1 deficiency. Therefore, MBD1, miR-184,
and Numbl form a regulatory network that helps
control the balance between proliferation and differ-
entiation of aNSCs.
INTRODUCTION
Neural stem cells in adult mammalian brains possess the two
essential properties of stem cells, self-renewal and multipo-
tency, and they generate new neurons that are capable of func-
tional integration into existing neural circuits (Zhao et al., 2008).
The maintenance and differentiation of adult neural stem cells
are tightly controlled by intricate molecular networks (Li and
Zhao, 2008). Deciphering these regulatory mechanisms repre-
sents a step toward understanding the plasticity of adult brains
and realizing the therapeutic potential of adult neural stem cells.
Epigenetic mechanisms, including DNA methylation and
histone modification, are known to play significant roles in the
modulation of stem cell proliferation and differentiation (Li andZhao, 2008). Methylated CpG-binding proteins (MBDs), includ-
ing MBD1 and MeCP2, can translate DNA methylation into
gene expression changes (Klose and Bird, 2006). In vitro anal-
yses have suggested a role for MBD1 in transcriptional repres-
sion, chromatin assembly, and heterochromatin structure main-
tenance, and functional reduction of MBD1 has been found
in tumors (Sansom et al., 2007), suggesting a role for it in cellular
growth control. Despite its ubiquitous expression pattern, MBD1
deficiency in mice results largely in brain-associated pheno-
types, including impaired adult neurogenesis, defective hippo-
campus-dependent learning, and susceptibility to depression
(Allan et al., 2008; Zhao et al., 2003). In the adult brain, MBD1
is expressed in both neurons and neural stem/progenitor cells
(aNSCs), but not glial cells, and MBD1 deficiency results in
reduced aNSC neuronal differentiation. However, since MBD1
has no known sequence specificity, other than CpGs for DNA
binding, the efforts to identify downstream target genes of
MBD1 have so far yielded only limited results (Jørgensen et al.,
2004; Li et al., 2008; Zhao et al., 2003).
Recent evidence points to important roles for noncoding
small RNAs, including microRNAs (miRNAs), in stem cell regu-
lation (Liu and Zhao, 2009; Shen and Temple, 2009). Although
the precise mechanism is still being worked out, extensive
experimental evidence demonstrates that miRNAs regulate
gene expression by targeting RNA-induced silencing complex
to specific messenger RNAs. Specific miRNAs are known to
modulate the functions of many types of stem cells, including
aNSCs (Cheng et al., 2009; Zhao et al., 2009). However, we still
lack a complete picture of miRNA function in aNSCs. In partic-
ular, it is unclear how the expression of miRNAs themselves is
controlled in aNSCs and how the crosstalk between epigenetic
regulation and the miRNA pathway modulates aNSC prolifera-
tion and differentiation.
Here, we provide evidence to show that the MBD1-regulated
miR-184 controls the balance between the proliferation and
differentiation of aNSCs. We demonstrate that MBD1 directly
regulates the expression of miR-184 in aNSCs, and high levels
of miR-184 promoted aNSC proliferation and inhibited differenti-
ation both in vitro and in vivo. We further identified Numblike
(Numbl) as a downstream target of miR-184, and exogenously
expressed Numbl could rescue aNSC proliferation and differen-
tiation deficits resulting from either elevated miR-184 or MBD1Cell Stem Cell 6, 433–444, May 7, 2010 ª2010 Elsevier Inc. 433
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miR-184, and Numbl form a regulatory network that controls
the balance between the proliferation and differentiation of
aNSCs.
RESULTS
MBD1 Deficiency Results in Altered Proliferation
and Differentiation of aNSCs
To further assess the function ofMBD1 in adult neurogenesis, we
isolated aNSCs from adult Mbd1 KO mice and wild-type (WT)
littermate controls. Early-passage proliferating aNSCswere pos-
itive for the two progenitor markers Nestin (99.8%) and Sox2
(88.2%), and virtually all Sox2-positive cells were Nestin posi-
tive (Figure 1A), confirming the immaturity of these proliferat-
ing aNSCs. MBD1 was easily visualized in WT aNSCs but, as
expected, was undetectable in Mbd1 KO aNSCs (Figure 1B).
To assess the proliferation of WT and KO aNSCs, we pulse-
labeled the cells with BrdU for 8 hours (Figure 1C). Quantification
of labeled cells demonstrates that 38.6%moreMbd1 KO aNSCs
than WT aNSCs had incorporated BrdU (Figure 1D).
Both WT and Mbd1 KO aNSCs could be induced to differen-
tiate into neuron-specific type III tubulin-positive (Tuj1+) neurons
and glial fibrillary acidic protein-positive (GFAP+) astrocytes (Fig-
ure 1E). Consistent with our previous findings (Li et al., 2008;
Zhao et al., 2003), Mbd1 KO aNSCs differentiated into fewer
Tuj1-positive neurons (Figure 1F). When astrocyte differentiation
was evaluated by counting GFAP-positive cells, we found that
this was also reduced inMbd1 KO aNSCs (Figure 1G). Stepwise
regression analysis indicated that only the cell genotypes, not
the cell numbers, have significant effects on aNSC differentiation
(Tuj1: F1,6 = 21.620, p = 0.004; GFAP: F1,6 = 16.254, p = 0.007).
The reduced neuronal differentiation of Mbd1 KO aNSCs was
next validated by quantitative PCR analyses for the expression
of a pan-neuronal transcription factor, neurogenic differentiation
1 (NeuroD1, Figure 1H), as well as Tuj1 (Figure 1I). Moreover,
we further confirmed the decreased differentiation potential of
Mbd1 KO aNSCs by assessing the activity of a transfected Neu-
roD1 promoter construct. NeuroD1 promoter activity monitored
by luciferase assay was reduced by 66% in Mbd1 KO aNSCs
compared with WT aNSCs (Figure 1J). The decreased astrocytic
differentiation of Mbd1 KO aNSCs was also validated by both
the quantitative expression of GFAP mRNA (Figure 1K) and
GFAP promoter activity (Figure 1L). These results show that
MBD1 deficiency leads to an increased proliferation capacity in
aNSCs but reduced differentiation potential.
MBD1 Regulates the Expression of miR-184
Recent evidence points to important roles for miRNAs in stem
cell regulation. We hypothesized that MBD1 may govern the
balance between the proliferation and differentiation of aNSCs
by controlling the expression of specific miRNAs. To identify
miRNAs that could be regulated by MBD1 in aNSCs, we evalu-
ated the expression of 218 miRNAs in WT andMbd1 KO aNSCs
and identified a subset of miRNAs with significantly altered
expression (>1.73 fold) in Mbd1 KO aNSCs (Figure 2A). We
focused on the 26 miRNAs with increased expression in KO
cells. We reckoned that their upregulation was likely to arise
from a loss of MBD1 repression, whereas miRNAs that are434 Cell Stem Cell 6, 433–444, May 7, 2010 ª2010 Elsevier Inc.downregulated could be due to secondary effects. We then
used both aNSC differentiation assays and miRNA real-time
PCR analyses to narrow down the candidate miRNAs capable
of mediating MBD1 function. We reasoned that if the miRNA is
a functional mediator of MBD1 in aNSCs, its overexpression
should repress neuronal differentiation. For each miRNA, we
cotransfected either its miRNA mimic (miR) or its specific inhib-
itor (anti-miR; miRNA sequence-specific 20-O-methyl oligonu-
cleotide) together with the NeuroD1-luciferase reporter. This
strategy enabled us to identify candidate miRNAs that show
opposite effects resulting from gain-of-function miR and loss-
of-function anti-miR expression. Most miRNAs tested showed
inconsistent effects (Table S1 available online). Among the
miRNAs analyzed, only miR-184 met the above criteria (Table
S1). We then validated the altered expression of several miRNAs
in Mbd1 KO aNSCs using real-time PCR. Several miRNAs (e.g.,
miR-133a, miR-133b, and miR-199) were expressed at very low
levels in aNSCs, as evidenced by their high Ct values (Table S1),
and did not show significant changes (Table S1 and Figure S1).
Among themiRNAs analyzed, onlymiR-184 showed consistently
increased expression in Mbd1 KO aNSCs (Figure 2B).
To further determine whether MBD1 regulates the expres-
sion of miR-184, we acutely manipulated MBD1 expression in
aNSCs. As expected, we found that acute knockdown of MBD1
in aNSCs led to increased miR-184 expression (Figure 2C),
whereas overexpression of MBD1 led to reduced miR-184
expression (Figure 2D).
We then proceeded to explore whether MBD1 directly regu-
lates miR-184 and whether it acts through an epigenetic mech-
anism to suppress miR-184 expression. miR-184 is a highly
conserved single-copy miRNA located in an imprinted locus on
mouse chromosome 9, and it is 55 kb away from the nearest
coding gene (Nomura et al., 2008). The genomic region immedi-
ately surrounding miR-184 does not contain a classic CpG
island, but does contain several CpG-rich sequences (Fig-
ure 2E) that are suitable for MBD1 binding (Jørgensen et al.,
2004). To test whether MBD1 interacts directly with genomic
regions proximal tomiR-184, we used chromatin immunoprecip-
itation (ChIP) followed by real-time quantitative PCR to evaluate
the region from 5 kb upstream to +2 kb downstream of the
miR-184 gene. ChIP using an MBD1-specific antibody demon-
strated that MBD1 was 4.63-fold enriched at 4 kb upstream
and 3.23-fold enriched at +1 kb downstream of miR-184 in
WT aNSCs relative to two negative controls, IgG-IP in WT cells
and MBD1-IP in Mbd1 KO aNSCs (Figure 2E). These regions
are either near or within the CpG-rich regions. Because MBD1
is involved in chromatin compaction, we also examined the
effect of MBD1 deficiency on the chromatin state of the miR-184
locus by using histone-specific ChIP analysis. We found that
MBD1 deficiency correlated with increased binding of two chro-
matin markers generally associated with actively transcribed
genes, trimethylated histone H3 lysine 4 and acetylated histone
H3 lysine 9 (Figure S2). One repressive chromatin marker, trime-
thylated histone 3 at lysine 27, showed mild enrichment in
genomic sequence upstream from miR-184 inMbd1 KO aNSCs
compared with WT aNSCs (Figure S2C). These data suggest
that, in the absence of MBD1, the chromatin immediately
upstream of miR-184 might shift from a compact state toward
either an active or bivalent chromatin structure (Bernstein
Figure 1. Loss of MBD1 Leads to Increased Proliferation and Reduced Differentiation of aNSCs
(A) Adult NSCs cultured under proliferating conditions expressed the neural progenitor markers Nestin (cytoplasmic, green) and Sox2 (nuclear, red).
(B)Western blotting showing the expression of MBD1 (2 different isoforms [Zhao et al., 2003]) inWT aNSCs and the absence ofMBD1 inMbd1KO aNSCs. b-actin
was used as an internal control.
(C) Both Mbd1 KO and WT aNSCs cultured under proliferating conditions incorporated bromodeoxyuridine (BrdU) in cell proliferation analyses (BrdU, red;
DAPI, blue).
(D) Quantitative analysis showing that a higher percentage of Mbd1 KO aNSCs incorporated BrdU compared with WT control cells (n = 3).
(E–G) Mbd1 KO aNSCs differentiated into fewer TuJ1-positive (E, red; F, n = 4) neurons and GFAP-positive astrocytes (E, green; G, n = 4) (DAPI, blue).
(H–J) Quantitative analyses showing that, under differentiation conditions,Mbd1 KO aNSCs exhibited reduced neuronal differentiation capacity, as assessed by
decreased mRNA levels of neuronal specific NeuroD1 (H, n = 4) and Tuj1 (I, n = 4) and reduced promoter activity of transfected NeuroD1-promoter driven firefly
luciferase (NeuroD1-Luc) construct (J, n = 3).
(K and L) Quantitative analyses showing that Mbd1 KO aNSCs exhibited reduced astrocyte differentiation capacity, as assessed by decreased GFAP mRNA
levels (K, n = 4) and reduced GFAP-promoter activity (L, n = 3). *p < 0.05; **p < 0.01. Scale bars, 40 mm.
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in DNA methylation levels in this region in Mbd1 KO aNSCs, as
assessed by immunoprecipitation of DNAwith a 50-Me-C-pecific
antibody (data not shown). Taken together, these data are
consistent with the idea that MBD1 represses miR-184 expres-sion in aNSCs by direct binding to the genomic regions
surrounding miR-184.
To better understand the function of miR-184 in aNSCs, we
next assessed the localization of miR-184 in adult brains using
fluorescent in situ hybridization (FISH). We found that matureCell Stem Cell 6, 433–444, May 7, 2010 ª2010 Elsevier Inc. 435
Figure 2. Altered miRNA Expression in
Mbd1 KO aNSCs
(A) Heatmap of miRNAs that show significant
changes (>1.73-fold) in expression levels in pro-
liferating Mbd1 KO aNSCs compared with WT
aNSCs, with increased expression in red and
decreased expression in green.
(B) The expression of miR-184 was increased in
Mbd1 KO proliferating aNSCs. Real-time PCR
analyses were performed using independently
isolated aNSCs (n = 6).
(C) Acute knockdown of MBD1 resulted in
increased miR-184 expression in aNSCs (n = 3).
(D) Overexpression of MBD1 in aNSCs led to
reduced miR-184 expression (n = 4).
(E) Upper panel shows a schematic drawing of the
7 kilobase (kb) regions proximal to the miR-184
gene on chromosome 9qE3 that were assayed
in ChIP experiments. The relative CpG-rich
sequences are indicated. Lower panel shows the
enrichment of MBD1 protein at genomic sequence
4 kb upstream and 1 kb downstream of the
miR-184 locus in WT aNSCs, as assessed by
MBD1-specific chromatin immunoprecipitation
(ChIP). ChIP with IgG in WT aNSCs and ChIP of
MBD1 antibody in Mbd1 KO aNSCs were used
as negative controls. Relative enrichment of
MBD1 in either WT or KO aNSCs was calculated
relative to IgG-only nonspecific control in the
same cells (n = 4). Quantities were calculated
from an input DNA-generated standard curve.
Two-way ANOVA, Bonferroni post-test.
(F) Fluorescence in situ hybridization (FISH) anal-
yses showing expression of miR-184 in the sub-
ventricular zone (top panels) and the dentate gyrus
(bottom panels) of WT andMbd1 KO mice (green,
miRNA probe signal). White arrows point to the
aNSC-containing germinal zone located at the
lateral wall of the lateral ventricles. An increase in
staining intensity for miR-184 was observed in
Mbd1KObrains.miR-1probewas used as a nega-
tive control for FISH. Scale bars, 40 mm. LV, lateral
ventricle; g, granule cells of the dentate gyrus; h,
hilar region of the dentate gyrus. *p < 0.05; **p <
0.01 (also see Figures S1, S2, S3, S4, and S5
and Table S1).
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genesis in adult brains: the subventricular zone (SVZ, arrow) of
the lateral ventricles (LV, Figure 2F and Figure S3) and the den-
tate gyrus (DG, Figure 2F and Figure S4) of the hippocampus.
Moreover, substantiating our earlier data, we observed a higher
intensity of miR-184 probe signal in Mbd1 KO brains compared
with WT brains, which was further validated by real-time PCR
analysis of miR-184 in Mbd1 KO tissue (Figure S5). A probe for
miR-1, a miRNA known to be expressed at extremely low levels
in the brain, served as a negative control for FISH (Figure 2F;
Figures S3 and S4). The relatively high levels of miR-184 FISH
signal in neurons (Figure 2F) and colocalization with NeuN immu-
noreactivity (Figures S3 and S4) are consistent with what we had
reported previously; namely, that MBD1 is expressed at high
levels in neurons and lower levels in aNSCs and is undetectable
in astrocytes (Zhao et al., 2003). Indeed, we found that MBD1
was more highly expressed in both differentiating aNSCs and
primary cortical neurons, whereas miR-184 expression levels436 Cell Stem Cell 6, 433–444, May 7, 2010 ª2010 Elsevier Inc.were lower in these more differentiated cells compared with
proliferating aNSCs (Figure S5). The inverse correlation between
MBD1 and miR-184 levels in both aNSCs and neurons
lends further support to the negative regulation of miR-184 by
MBD1. We then focused on the role of miR-184 as a functional
mediator of MBD1 in controlling the balance between aNSC
proliferation and differentiation.
MicroRNA miR-184 Regulates the Proliferation and
Differentiation of aNSCs
To define more directly the role of miR-184 on aNSC differentia-
tion, we first performed assays to show miR-184 repressed and
anti-miR-184 enhanced the activities of bothNeuroD1 andGFAP
promoters (Figures S6A and S6B). In these assays, miR transfec-
tion efficiency was demonstrated to be >90% as assessed by
transfection of fluorescence-labeled control miR in a parallel
culture, followed by flow cytometry analysis (data not shown).
Indeed, aNSCs transfected with miR-184 showed reduced
Figure 3. MiR-184 Modulates the Prolifera-
tion and Differentiation of Adult NSCs
In Vitro
(A) RNA transfected aNSCs differentiated into
neurons (Tuj1, red) and astrocytes (GFAP, green;
DAPI, blue).
(B and C) Transfection with miR-184 led to
reduced neuronal (B, n = 3) and astrocyte (C, n = 3)
differentiation, compared with control nonspecific
miR (miR-C). On the other hand, transfection with
specific inhibitor to miR-184 (anti-miR-184) led to
increased neuronal (B) and astrocyte (C) differenti-
ation, compared with anti-miR control (Anti-C).
(D and E) Similar results as (B) and (C) were
obtained by using real-time PCR analyses for
mRNA levels of neuronal-specific Tuj1 (D, n = 4)
and astrocyte marker GFAP (E, n = 4).
(F and G) We then used lentivirus expressing
a small hairpin of miR-184 (F) to infect aNSCs.
This lentiviral vector also expressed GFP under
the CMV promoter, allowing us to track infected
cells (G, green). Neuronal and glial differentiation
was assessed using Tuj1 (red) and GFAP (white)
staining and quantification.
(H and I) Adult NSCs infected by the lentivirus
expressing sh-miR-184 differentiated into fewer
neurons (H, n = 5) and fewer astrocytes (I, n = 5),
compared with aNSCs infected with lentivirus
expressing a nonspecific shRNA (sh-Control).
(J) Proliferation of miR-184- or anti-miR-184-
transfected aNSCs was analyzed using BrdU
pulse labeling. BrdU, red; DAPI, blue.
(K) miR-184-transfected aNSCs had increased
BrdU incorporation relative to miR-C-transfected
cells (n = 3). Anti-miR-184-treated aNSCs, on the
other hand, displayed reducedBrdU incorporation
relative to Anti-C-transfected aNSCs (n = 3).
(L) Lentivirus-shRNA-miR-184-infected aNSCs
had increased BrdU incorporation relative to
sh-Control lentivirus-infected aNSCs (n = 4). *p <
0.05; **p < 0.01. Scale bars, 40 mm (also see
Figure S6).
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fected with anti-miR184 showed increased differentiation (Fig-
ures 3A, 3B, and 3C). These results were further confirmed by
quantitative analyses of the mRNA levels of Tuj1 (Figure 3D)
and GFAP (Figure 3E). To validate the above results, we then
used recombinant lentivirus expressing a small hairpin miR-
184 (sh-miR-184; Figure 3F). Lentivirus-sh-miR-184-infected
aNSCs expressed significantly higher levels of miR-184 com-
pared with control virus-infected aNSCs (Figure S6C). Because
the lentivector coexpressed enhanced green fluorescence pro-
tein (eGFP), we were able to identify specific virus-transduced
cells (Figure 3G and Figure S6D). As expected, aNSCs infected
by lentivirus-sh-miR-184 differentiated into 31.7% fewer Tuj1+
neurons (Figure 3H) and 27.2% fewer GFAP+ astrocytes (Fig-
ure 3I), compared with aNSCs infected by a lentivirus expressing
control shRNA. Therefore, a high expression level of miR-184,
either by direct transfection or viral vector-mediated expression,inhibits aNSC differentiation into neurons and astrocytes,
whereas inhibiting endogenous miR-184 by an anti-miR-184
enhances aNSC differentiation.
To determine whether miR-184 controls the balance between
proliferation and differentiation, we examined the effect of miR-
184 on cell proliferation using BrdU pulse-labeling (Figure 3J).
The aNSCs transfected with miR-184 exhibited 50.3% more
BrdU incorporation compared with control miR-transfected cells
(Figure 3K). On the other hand, aNSCs transfectedwith anti-miR-
184 had 22.2% reduced BrdU incorporation compared with
controls (Figure 3K). We then repeated this experiment using
lentivirus-expressed miR184. Indeed, lentivirus-sh-miR-184-
infected aNSCs exhibited 20.2%more BrdU incorporation com-
pared with aNSCs infected by lentivirus expressing control
shRNA (Figure 3L). In addition, we found that lentivirus-sh-
miR-184-infected primary aNSCs generatedmore neurospheres
compared with control virus-infected aNSCs (Figure S6E). TheseCell Stem Cell 6, 433–444, May 7, 2010 ª2010 Elsevier Inc. 437
Figure 4. miR-184 Modulates the Prolifera-
tion and Differentiation of Adult NSCs
In Vivo
(A) Retroviral vector used for in vivo miRNA
expression. miRNA was expressed as a short
hairpin under U6 RNA Polymerase III promoter,
while GFP was expressed under a chicken actin
(CAG) promoter.
(B) Experimental timeline for in vivo analyses.
(C) Retroviruses expressing sh-miR-184 and con-
trol shRNA were grafted into contralateral sides of
the same animals.
(D) A representative image of immunohistological
analysis of virus-infected cells in the subgranular
zone of the dentate gyrus. Orange arrow points
to a cell that was positive for GFP (green), BrdU
(white), and DCX (red), indicating that this viral-
infected cell proliferated and then differentiated
into neurons. Scale bar, 20 mm. g, granule cells
layer; h, hilar region; m, molecular layer.
(E) Sh-miR-184 virus-infected cells proliferated
more compared with control virus-infected cells
(n = 4). Right panel shows a representative 3D
Z-stack image used for quantification of
BrdU+GFP+ DCX cells.
(F) Sh-miR-184–infected cells differentiated into
fewer DCX+ early neurons when compared with
control virus-infected cells (n = 4). Right panel
shows a representative confocal 3D Z stack image
used for quantification of DCX+GFP+BrdU- cells.
DCX, red; GFP, green; BrdU, white. *p < 0.05;
**p < 0.01.
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and inhibits differentiation, whereas inhibition of miR-184 leads
to reduced proliferation but increased differentiation. These find-
ings are consistent with the phenotypes ofMbd1KO aNSCswith
elevated miR-184 levels.
MicroRNA miR-184 Regulates aNSC Proliferation
and Differentiation In Vivo
To assess gene functions in adult neurogenesis, we and others
have used recombinant retroviruses that are only capable of
infecting dividing cells to selectively transduce single dispersed
aNSCs in the adult hippocampus (Ge et al., 2006; Smrt et al.,
2007; van Praag et al., 2002). We therefore constructed a retro-
viral vector that contained both sh-miR-184 driven by a U6 pro-
moter and GFP by a chicken actin (CAG) promoter (Figure 4A).
Retrovirus expressing sh-miR-184 was stereotaxically grafted
into the right DG, and retrovirus expressing a nonspecific control
(sh-Control) was grafted into the left DG of the same animal
(Figures 4B and 4C). Mice also received BrdU injections immedi-
ately after the surgery to label dividing cells. At 1 week post-viral
injection, when some of the retrovirus-labeled NSCs (eGFP+)
would be expected to have differentiated, we analyzed viral-
infected cells for BrdU incorporation and expression of the early
neuronal marker, doublecortin (DCX). Many retrovirus-labeled
cells (GFP+) were positively labeled with BrdU, indicating that
these cells were in fact dividing after viral infection. Some of
these retrovirus-labeled cells were positive for DCX expression,
suggesting that they had initiated neuronal differentiation (Fig-
ure 4D). Using Z-stack images of confocal microscopy at 1 mm438 Cell Stem Cell 6, 433–444, May 7, 2010 ª2010 Elsevier Inc.resolution, we quantified the percentage of retrovirus-labeled
GFP+ cells that expressed either DCX or incorporated BrdU.
Compared with sh-Control retrovirus-infected cells, a signifi-
cantly higher percentage of sh-miR-184 retrovirus-infected
cells incorporated BrdU (Figure 4E, BrdU+GFP+/GFP+), whereas
the percentage of sh-miR-184 retrovirus-infected cells that
expressed DCX was lower compared with control virus-infected
cells (Figure 4F, DCX+GFP+/GFP+). These results suggest that,
consistent with our results in cultured aNSCs, miR-184-overex-
pressing aNSCs proliferate more and exhibit reduced neuronal
differentiation capacity in vivo.
Numblike Is a Target of miR-184 in aNSCs
To investigate the downstream target underlying miR-184 regu-
lation of aNSCs, we searched for potential mRNA targets of
miR184 by cross-referencing three widely used programs,
TargetScan (Lewis et al., 2003), PicTar (Krek et al., 2005), and
miRanda (John et al., 2004), and they respectively predicted
18, 10, and 852 target genes for miR-184; however, no common
target was predicted by all three programs. We therefore used
DAVID Bioinformatics Resources (Huang da et al., 2009) to
assign these predicted targets into different cellular functional
categories. Based on both conserved seed sequences and the
observed functional effects of miR-184 on aNSC proliferation
and differentiation, we selected 22 genes as top candidates
(Table S2). Among these candidates, Numblike (Numbl) is known
to be important in embryonic neural stem cell function and
cortical brain development (Li et al., 2003; Petersen et al.,
2002). To determine whether Numbl is a target of miR-184, we
Figure 5. Numblike Is a Functional Target of
MiR-184
(A) A miR-184 target site was found in the Numb-
like (Numbl) 30-untranslated region (30-UTR), as
predicted by miRanda software. The Mutant
Numbl 30-UTR used in (C) is shown.
(B) Numbl-30-UTR-dependent expression of a
Renilla luciferase (R-luc) was suppressed by
miR-184 and increased by anti-miR-184 in aNSCs.
(C) miR-184-mediated suppression of R-luc-
Numbl-30-UTR was dependent on the miR-184
target site because that mutation of the miR-184
target site in the Numbl-30-UTR abolished the
repression by miR-184 and the enhancement by
anti-miR-184 (n = 3). For (B) and (C), R-luc-
Numbl-30-UTR expression was normalized to
control firefly luciferase (fLuc) activities.
(D and E) Overexpression of miR-184 in WT
aNSCs led to reduced endogenous Numbl mRNA
(D, real-time PCR, n = 3) and protein (E, represen-
tative western blot) expression.
(F and G) Mbd1 KO aNSCs exhibited reduced
expression levels of both Numbl mRNA (D, real-
time PCR, n = 4) and protein (E, representative
western blot) expression.
(H and I) Transfection of anti-miR-184 into Mbd1
KO aNSCs could restore Numbl protein expres-
sion to levels similar to those in WT aNSCs (n = 3).
(I) is a quantitative analysis of (H). *p < 0.05;
**p < 0.01; ***p < 0.001 (also see Table S2).
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mRNA containing a prominent miR-184 seed sequence into
a dual luciferase reporter construct, which allowed us to assess
Numbl protein translation based on luciferase activities (Fig-
ure 5A). We found that miR-184 could repress the expression
of Renilla luciferase (R-Luc) through the Numbl 30-UTR, whereas
anti-miR-184 enhanced the R-Luc expression (Figure 5B).
To determine whether miR-184 targeting of Numbl was specific,
we mutated the miR-184 seed sequence within the R-Luc-
Numbl-30-UTR reporter (Figure 5A) and found that this abolished
both miR-184-mediated suppression and anti-miR-184-medi-
ated enhancement of R-Luc reporter activity (Figure 5C).
We further determined the effect ofmiR-184 overexpression on
endogenous Numbl expression in aNSCs. Even though miRNAsCell Stem Cell 6, 433–are proposed to be translational reg-
ulators, miRNA-mediated mRNA reduc-
tions have been found in cases of strong
miRNA-mediated repression (Adams
et al., 2007; Pandey and Picard, 2009).
Indeed, we found that miR-184-trans-
fected aNSCs showed a reduction in
both Numbl mRNA (Figure 5D) and
Numbl protein (Figure 5E) levels. Next we
assessed Numbl expression in Mbd1 KO
aNSCs that have elevated miR-184 levels
and found that Mbd1 KO aNSCs also
exhibited reduced levels of both Numbl
mRNA (Figure 5F) andNumbl protein (Fig-
ure 5G), reminiscent of what we observed
in miR-184-transfected WT aNSCs (Fig-ures 5D and 5E). To verify that elevatedmiR-184was responsible
for the reduced expression of Numbl inMbd1 KO cells, we trans-
fected anti-miR-184 into Mbd1 KO aNSC cells and found that
blocking miR-184 inMbd1 KO cells could restore Numbl expres-
sion to levels similar to those observed in WT aNSCs (Figures 5H
and 5I). Taken together, these data support the idea that Numbl is
a direct target of miR-184, which is in turn regulated by MBD1 in
aNSCs and that either elevated miR-184 or Mbd1 deficiency
results in the decreased expression of Numbl.
Numbl Rescues the Deficits Associated with miR-184
Overexpression in aNSCs
We next asked whether Numbl could rescue the deficits asso-
ciated with miR-184 overexpression. Numbl has been shown to444, May 7, 2010 ª2010 Elsevier Inc. 439
Figure 6. Numbl Rescues the aNSC Deficits
Associated with MiR-184 Overexpression
(A) Overexpression of Numbl in WT aNSCs using
lentivirus resulted in reduced proliferation of
aNSCs as assessed by BrdU pulse labeling (n = 3).
(B) Acute knockdown of Numbl using lentivirus
expressing Numbl siRNA led to increased aNSC
proliferation of aNSCs (n = 3).
(C) Expression of Numbl could suppress
increased proliferation of aNSCs caused by
overexpression of miR-184 (n = 3). The Numbl
expression vector containing Numbl 30-UTR
(Numbl+30-UTR) was not as effective in rescuing
the proliferation effect of miR-184.
(D) Overexpression of Numbl in WT aNSCs
resulted in increased neuronal differentiation as
assessed by Tuj1 mRNA levels (n = 3) and
NeuroD1 promoter activities (n = 3).
(E) Acute knockdown of Numbl in WT aNSCs
resulted in reduced neuronal differentiation as
assessed by Tuj1 mRNA levels (n = 3) and
NeuroD1 promoter activities (n = 5).
(F and G) Expression of Numbl could rescue
the decreased neuronal differentiation of aNSCs
caused by overexpression of miR-184 as
assessed by both mRNA levels of NeuroD1 (F,
left, n = 3) and Tuj1 (F, right, n = 3) and NeuroD1
promoter activities (G, n = 6). The Numbl expres-
sion vector containing Numbl 30-UTR (Numbl+30-
UTR) was not as effective at rescuing the differen-
tiation effect of miR-184 overexpression (G,
hatched bar). *p < 0.05; **p < 0.01, ***p < 0.001.
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(Johnson, 2003; Li et al., 2003); however, its roles in adult
NSCs have not been clearly defined. We therefore tested
whether overexpression of Numbl would repress the prolifera-
tion of aNSCs. As shown in Figure 6A, lentiviral expression of
Numbl (without 30-UTR) reduced the proliferation of aNSCs by
11% compared with aNSCs infected with lentivirus expressing
eGFP (Figure 6A). Furthermore, acute reduction of Numbl in
aNSCs using a specific siRNA led to a 78% increase in prolif-
eration (Figure 6B). We then explored whether expression of
exogenous Numbl could reverse the increased proliferation
induced by miR-184 overexpression in aNSCs; indeed, coex-
pression of lentivirus-expressed Numbl and miR-184 substan-440 Cell Stem Cell 6, 433–444, May 7, 2010 ª2010 Elsevier Inc.tially reduced the proliferative effect
over miR-184 alone (Figure 6C).
We next assessed whether Numbl
could also rescue the differentiation
deficits induced by overexpression of
miR-184. Since MBD1 is expressed in
aNSCs and neurons, but not astrocytes,
we decided to focus on neuronal differen-
tiation for subsequent differentiation
assays. As expected, Numbl expression
alone led to increased neuronal differ-
entiation (Figure 6D), whereas acute
reduction of endogenous Numbl led to
decreased neuronal differentiation (Fig-
ure 6E). We then demonstrated thatexogenous Numbl could rescue the reduced neuronal differenti-
ation deficits caused by miR-184 overexpression (Figure 6F).
Interestingly, the Numbl expression vector containing the
30-UTR sequence (Numbl+30-UTR) was less effective at revers-
ing the effect of miR-184 on both aNSC proliferation (Figure 6C,
hatched bar) and neuronal differentiation (Figure 6G, hatched
bar). These data support our model that Numbl is a functional
target of miR-184 in aNSCs.
Numbl Rescues the Deficits Associated with MBD1
Deficiency in aNSCs
We reasoned that if MBD1 regulates Numbl expression through
miR-184, exogenous MBD1 should restore Numbl expression
Figure 7. Numbl Rescues the aNSC Deficits
Associated with MBD1 Deficiency
(A and B) Exogenous MBD1 expressed by a
recombinant lentivirus could restore the Numbl
expression levels in Mbd1 KO aNSCs to levels
seen in the WT aNSCs (n = 3).
(C) Exogenous Numbl could rescue proliferation
deficits exhibited by Mbd1 KO aNSCs (n = 3).
(D and E) Exogenous Numbl could rescue neu-
ronal differentiation deficits exhibited by Mbd1
KO aNSCs as assessed by both Tuj1 andNeuroD1
mRNA expression in differentiating cells (n = 4).
*p < 0.05; **p < 0.01 (also see Figure S7).
(F)Model for theMBD1,miR-184,andNumblmolec-
ular network in modulating adult neurogenesis.
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MBD1 by lentiviral infection and assayed the level of Numbl
protein by western blotting. As shown in Figure 7, MBD1 expres-
sion in KO cells restored Numbl expression to the WT level
(Figures 7A and 7B). Consistent with the positive regulation of
Numbl by MBD1, we found that Numbl expression was lower
in aNSCs compared with primary neurons (Figure S7A), similar
to the expression patterns of MBD1 (Figure S5A). Furthermore,
the Numbl protein level was lower in Mbd1 KO hippocampalCell Stem Cell 6, 433–tissue compared with WT controls (Fig-
ure S7B). These data support the idea
that MBD1 is a positive regulator of
Numbl.
Finally, we investigated whether exog-
enous Numbl could rescue the phe-
notypic deficits exhibited by Mbd1
KO aNSCs. We found that, indeed,
expressed Numbl suppressed prolifera-
tion (Figure 7C) and enhanced neuronal
differentiation (Figures 7D and 7E) of
Mbd1 KO aNSCs. Together, these results
implicateNumbl as a target of a regulatory
pathway in which MBD1 acts to suppress
the expression of miR-184 and further
indicate that miR-184 in turn promotes
proliferation and represses differentia-
tion by its downregulation of Numbl
(Figure 7F).
DISCUSSION
Although the crosstalk between miRNA
and DNA methylation is likely a common
mechanism regulating critical cellular
processes, evidence for this in mammals
has been limited. Here, we demonstrate
that the interplay between these epige-
netic mechanisms has an important
role in adult NSCs and neurogenesis.
Previous studies have implicated MBD1
in the control of cellular proliferation in
certain types of tumors (Klose and Bird,
2006; Sansom et al., 2007). We reportedthat MBD1 plays an important role in adult hippocampal neuro-
genesis (Zhao et al., 2003), and we found that MBD1 directly
represses FGF-2 expression at the transcriptional level (Li
et al., 2008). Because the promoter of the mouse Fgf-2 gene
has a classic CpG island and exhibits reduced DNA methylation
inMbd1 KO aNSCs, we determined the DNA methylation status
of the genomic region immediately 50 of miR-184, which contains
a few small CpG-rich regions, but not a classic CpG island. Inter-
estingly, we found no significant change in the DNA methylation444, May 7, 2010 ª2010 Elsevier Inc. 441
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promoters of Fgf-2 and miR-184 represent distinct types of
promoters regulated by MBD1 via different mechanisms.
Both our data and reports by others provide strong evidence
to support the idea that miR-184 is an important modulator of
stem cell proliferation and growth. For instance, miR-184 has
been found to regulate germline cell proliferation and patterning
in Drosophila (Iovino et al., 2009). In mammals, mature miR-184
is particularly enriched in the brain and testis, and interestingly,
only its expression in the brain is subjected to imprinting that
selectively silences the maternal allele (Nomura et al., 2008).
Whereas many imprinted genes have been reported and most
of them are shown to be involved in fetal growth control (Keverne
and Curley, 2008), brain-specific imprinting has been found in
only a few key regulatory genes, such as UBE3A and Igf2r (Kish-
ino, 2006). AlteredmiR-184 expression has been found in several
types of tumors, although the proposed role of miR-184 in cell
growth remains controversial (Chen and Stallings, 2007; Schae-
fer et al., 2009; Wong et al., 2008, 2009; Yu et al., 2008). We
found that overexpression ofmiR-184 repressed the proliferation
of p19 embryonic carcinoma cells (data not shown), which is
different from its effects on primary aNSCs. Therefore, the effect
of miR-184 on cell proliferation may in fact be context-depen-
dent, and primary cells are necessary for studying normal biolog-
ical pathways.
Despite having largely overlapping expression profiles, Mecp2
and MBD1 seem to have distinct functions in the nervous
system. MBD1 regulates NSC differentiation in adult brains (Li
et al., 2008; Zhao et al., 2003), while MeCP2 is involved mainly
in the maturation of young neurons (Smrt et al., 2007). Both
MBD1 and MeCP2 are known to repress imprinted genes (Klose
and Bird, 2006), and MeCP2 also binds the 50 region of miR-184
and represses miR-184 expression in cultured neurons (Nomura
et al., 2008). However, miR-184 levels have been reported to be
reduced in the brains of MeCP2 KO animals (Nomura et al.,
2008). We found that miR-184 levels were unchanged in aNSCs
derived from MeCP2 KO mice, and acute knockdown of MeCP2
inMbd1 KO aNSCs has no additional effect on miR-184 expres-
sion (C.L. and X.Z., unpublished data), suggesting that MBD1 is
the major regulator of miR-184 in aNSCs. Whether MeCP2
directly regulates miR-184 in the brain therefore remains to
be seen.
Numb and Numbl are related proteins that have been impli-
cated in embryonic brain development, although their precise
functions are somewhat controversial (Petersen et al., 2004).
Numb is localized in stem and progenitor cells and is thought
to be involved in the asymmetric cell division of cultured primary
cortical progenitors (Shen et al., 2002). The function of Numbl, on
the other hand, is less clear. While Numb mutation results in
severe neurogenic deficits and embryonic lethality, Numbl-
deficient mice do not show significant abnormalities in neuro-
genesis. Nevertheless, double mutant mice exhibit earlier and
more widespread neurogenic defects, indicating that Numbl
and Numb share a pathway that regulates embryonic aNSCs,
although how they interact is unknown (Li et al., 2003; Petersen
et al., 2002). We showed that acute knockdown of Numbl sig-
nificantly affects the proliferation and differentiation of aNSCs.
This might be explained by the fact that acute knockdown of
a gene via siRNA generally yields a more significant phenotype442 Cell Stem Cell 6, 433–444, May 7, 2010 ª2010 Elsevier Inc.compared with standard genetic knockout, likely due to a
compensatory effect elicited by other proteins in the same
pathway during development. In addition, both Numb and
Numbl can inhibit the Notch pathway (Petersen et al., 2006;
Zhong et al., 1997). Our ongoing work shows that two down-
streameffectors of Notch signaling, Hes1 andHes5, are elevated
under both MBD1-deficient andmiR-184-overexpressing condi-
tions, and this could be reversed by either exogenous MBD1 or
a miR-184 inhibitor (data not shown). Moreover, a high level
of Notch signaling has also been shown to repress Numb
and Numblike expression (Chapman et al., 2006). Even though
Numb is not a predicted target of miR-184, we still found that
Numb expression is also reduced in miR-184-overexpressing
aNSCs (data not shown), possibly due to elevated Notch
signaling. The downregulation of Numb may further contribute
to the aNSC phenotypes we observed in both MBD1-deficient
and miR-184-overexpressing aNSCs with reduced Numbl
expression. Therefore, Numbl plays important modulatory roles
in aNSCs, potentially via Notch signaling and subsequently
Numb. Future studies extending beyond the current manuscript
will give us a better understanding of the complex pathway regu-
lating aNSCs.
Taken together, our data suggest that MBD1, miR-184, and
Numbl form a regulatory network that controls the balance
between the proliferation and differentiation of aNSCs. Deci-
phering such a mechanism represents a step toward unraveling
the regulatory network that underlies adult brain plasticity and
brings us closer to eventually realizing the potential of stem cells
to repair the brain.
EXPERIMENTAL PROCEDURES
Isolation and Analyses of aNSCs
Adult aNSCs used in this study were isolated from adult male Mbd1 KO mice
and WT littermates as described (Zhao et al., 2003; Babu et al., 2007). Prolif-
eration and differentiation analyses were carried out as described.
Expression Analysis of Mature miRNAs
Profiling of mature miRNA expression was performed using Applied Biosys-
tems’ TaqMan microRNA Assays according to protocols provided by vendor.
Individual reverse transcription and TaqMan microRNA assays were
performed on an Applied Biosystems 7300 Instrument.
Chromatin Immunoprecipitation
ChIP was performed according to published methods (Allan et al., 2008).
Antibodies used were normal Rabbit IgG (Upstate, 12-370), rabbit MBD1
(M-254, SC-10751, Santa Cruz Biotechnology), rabbit H3K4Me3 (Abcam,
ab8580), rabbit H3K9ace (Upstate, 07-352), H3K27Me3 (Upstate, 07-449),
and 5-methylcytidine antibody (Eurogentec, BI-MECY-0500).
RNA and DNA Plasmid
Control miR (miR-C), miR-184, anti-miR-184, and anti-miR control (Anti-C)
were purchased from GenePharm (Shanghai, China). NeuroD1-luciferase
DNA, GFAP-luciferase, and E1a-R-luc DNA plasmids were described previ-
ously (Barkho et al., 2006). MBD1 expression and siRNA constructs were
described previously (Li et al., 2008). Numbl expression plasmid was pur-
chased from Open Biosystems. Numbl shRNA plasmid was purchased from
SABioscience. Lentivirus-shControl was described previously (Barkho et al.,
2008; Li et al., 2008). Lentivector expressing sh-miR-184 was cloned as
described previously (Barkho et al., 2008; Li et al., 2008). Retroviral vector
expressing miR-184 and GFP was engineered by deleting the original HpaI
and ClaI sites in the CAG-GFP vector (Smrt et al., 2007) and inserting new
HpaI and ClaI sites 50-upstream from CAG promoter. The U6-miR-184 or
Cell Stem Cell
MBD1, MiR-184, and Adult Neural Stem CellsUR-shControl cassettes (described above) were then inserted between the
HapI and ClaI sites (Figure 4).Electroporation, Transfection, and Luciferase Assay of aNSCs
Electroporation of RNA or plasmid DNA into aNSCs and the luciferase assay
were carried out using an Amaxa Nucleofector electroporator (Amaxa) based
on themanufacturer’s protocol with modifications (Li et al., 2008). Transfection
of aNSCs was carried out using either Fugene HD (Roche) or StemFect (Stem-
gent) based on the manufacturer’s protocol with modification. At 16–20 hr
postelectroporation or transfection, cells were changed into differentiation
medium for 24–48 hr before harvesting. Luciferase activity was detected using
the Dual-Luciferase Reporter 1000 System (Promega) based on the manufac-
turer’s protocol.In Vivo Retroviral Grafting
Retroviral production and in vivo retroviral grating was performed as described
(Smrt et al., 2007). Briefly, 1 ml (>5 3 105/ml) of virus was injected stereotax-
ically into the DG.Mice received twoBrdU injections per day (50mg/kg, i.p.) for
a total seven injections and were perfused with 4% PFA at 1 week after viral
grafting.30-UTR Dual Luciferase Assays
The 30-UTR sequence of Numbl was PCR-amplified directly from cDNA of
proliferating aNSCs and cloned into psiCHECK-2 dual luciferase vector with
Numbl-30-UTR following the coding sequence of R-Luc (Promega). The con-
structs were cotransfected with small RNAs into aNSCs using FuGENE HD
transfection reagent, and luciferase activities were detected using the Dual
luciferase reporter system (Promega). R-luc activities were first normalized
to internal control f-Luc activities to control transfection efficiency. Each trans-
fection was done in >3 replicates that were averaged as n = 1. miR-184-medi-
ated repression of R-luc/f-Luc activity was then calculated as the ratio of
R-luc/fLuc in the miR-184 or anti-miR-184 transfected conditions to R-luc/
fLuc in the miR-C or anti-C control conditions.Western Blotting
Protein samples were separated on SDS-PAGE gels (Bio-Rad) and then trans-
ferred to PVDF membranes (Millipore). Membranes were processed following
the ECL Western blotting protocol (GE Healthcare). Rabbit anti-MBD1 (Santa
Cruz, SC-10751) or rabbit anti-Numbl (Abcam, ab37500-100) were used as
primary antibodies. HRP-labeled secondary antibodies were obtained from
Sigma. For loading controls, membranes were stripped and reprobed with
the mouse antibody against b-Actin (Sigma A5441).Real-Time PCR
RNA isolation, cDNA synthesis, and real-time PCR analyses were performed
as described (Barkho et al., 2008; Li et al., 2008). The primer sequences are
provided in Supplemental Information.Fluorescence In Situ Hybridization
miR-184 fluorescence in situ hybridization (FISH) and combined FISH and
immunohistology were performed on 10 mm frozen thin sections of 4% para-
formaldehyde-fixed brains using a LNA probe (Exiqon), based on a previously
described protocol (Silahtaroglu et al., 2007).Statistical Analysis
Statistical analysis was performed using ANOVA and Student’s t test, unless
specified with the aid of SPSS v.17. All percentages were arcsine-transformed
before statistical analysis. The Bonferroni correction was used to control type I
error (Rice, 1989). We first normalized the treatment group by the control group
for luciferase, RT-PCR, and cell-counting analyses, and then one-sample t test
against amean of 1 was used on the normalized values. All data were shown as
mean with standard error of mean (mean ± SEM). Probabilities of p < 0.05 were
considered significant.SUPPLEMENTAL INFORMATION
The Supplemental Information includes seven figures, two tables, and Supple-
mental Experimental Procedures and can be found with this article online at
doi:10.1016/j.stem.2010.02.017.
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